The memory effect and redistribution of manganese (Mn) into subsequently regrown GaN-based epitaxial layers by metalorganic chemical vapor deposition were revealed. Low-temperature up-converted photoluminescence (UPL) and the secondary ion mass spectrometry were performed on GaN-based epitaxial samples with and without Mn doping to study the effect of residual Mn on optical property. UPL emission, which originated from residual Mn doping in regrown InGaN quantum wells (QWs) because of the memory effect of the reactor, could be eliminated in an air-exposed and H 2 -baking manner prior to the regrowth of the QWs. Considerable residual Mn background level and slow decay rate of Mn concentration tail were also observed in the regrown epitaxial layers, which could be attributed to the memory effect or surface segregation and diffusion from the Mn-doped underlying layer during regrowth in the Mnfree reactor. 
Introduction
Semiconductors doped with manganese (Mn) have potential application in the field of spintronics [1, 2] and solar cells [3] [4] [5] [6] [7] [8] [9] [10] . Most recent studies on dilute magnetic semiconductor materials have focused on Mn-doped GaN for their potential room-temperature application because of the high Curie temperature in spintronics [11] [12] [13] [14] [15] , such as in memory devices [13] , spin-LEDs [16] [17] [18] [19] , spin-PDs [20, 21] , and spin-FETs [22] [23] [24] . The intermediate band [3] [4] [5] [6] and up-conversion [7] [8] [9] [10] design can be used for solar cells because they can maximize the efficiency of single gap solar cells using materials with an electronic band within the conventional semiconductor bandgap. Several types of up-conversion methods have been investigated, including second-harmonic generation [25] , two-step two-photon absorption process involving quantum dot states [26, 27] , internal photoemission from a Schottky contact [28, 29] , and, recently, photo-electron injection originating from an intermediate band absorption of Mn-doped GaN grown by metalorganic chemical vapor deposition (MOCVD) [10] . Manganese doping control in semiconductors is a crucial technology for spintronics and photovoltaic applications. The interface and junction properties strongly affect the performance of these devices with Mn-doped layers. Thus, structure design and the control of the specific Mn doping profiles of these junction devices are important. The significant diffusion behavior of magnesium dopants in III-nitride semiconductors has been revealed when the dislocation density in the epitaxial films is high [30] . Memory effect and redistribution of Mg in the GaN layer grown by MOCVD have been observed [31, 32] . These effects cause dopant profiles with a long tail and the resultant imperfect p-n junctions that degrade the performance of bipolar devices. For Mn doping in III-nitride semiconductors, related studies on the memory effect and redistribution are deficient. Consequently, understanding the Mn incorporation efficiency and the redistribution behavior of Mn-doped GaN-based devices during MOCVD growth is necessary. Our preliminary studies reveal that a high residual Mn background level in GaN-based heterostructures may be caused by the source molecular of Mn sticking to the reactor wall of MOCVD (i.e., memory effect). Furthermore, considerable Mn concentration tail (i.e., slow decay tail) was observed in the unintentionally doped layers of GaN-based heterostructures with Mn-doped layer therein. This phenomenon can be caused by the memory effect, surface segregation, and diffusion of Mn during epitaxial growth. In the current paper, the roles of Mn memory effect, surface segregation, diffusion of Mn in GaN grown by MOCVD were systematically studied.
Experiments
All samples used in the current study were grown by MOCVD with a vertical stainless reactor (Veeco D-180). The GaN/sapphire templates were made up of a 30 nm-thick GaN nucleation layer grown at 560 °C and 3 µm-thick unintentionally doped GaN (u-GaN) layer grown at 1060 °C on c-face sapphire substrates. These epitaxial layers are denoted as u-GaN templates. Another type of template, which is made up of two additional layers, i.e., a 1.0 µm-thick uGaN layer grown at 1010 °C and a 0.2 µm-thick Si-doped GaN layer grown at 1040 °C, grown on the u-GaN templates is denoted as n-GaN templates. The background carrier concentrations of the u-GaN and n-GaN samples were about 1 × 10 17 and 1 × 10 19 /cm 3 , respectively. Denoted as sample A, a 30 nm-thick GaN nucleation layer grown at 560 °C, 3 µm-thick u-GaN layer grown at 1060 °C, 0.2 µm-thick Si-doped GaN layer grown at 1040 °C, 10-pair InGaN/GaN MQW structure grown at 770 °C, and 0.2 µm-thick u-GaN cap layer grown at 950 °C were deposited in sequence deposited on c-face sapphire substrates [ Fig. 1(a) ]. The In-contents and the thicknesses of the InGaN QWs were about 10% and 2 nm, respectively. Sample B had a layer structure similar to that of sample A, but the InGaN/GaN MQW structure was regrown on the n-GaN template, as shown in Fig. 1(b) . Note that the InGaN/GaN MQW structure in sample B was regrown after a Mn-containing growth round and H 2 baking. In the current study, all the Mn-doped GaN-based epitaxial layers used bismethylcyclopentadienyl manganese [(MeCp) 2 Mn] as the Mn source. The growth temperature, growth pressure of the Mn-doped GaN and flow rate of the Mn source were 1010°C, 100 Torr and 2.84 µmole/min, respectively. As shown in Fig. 1(c) , sample C had a layer structure and regrowth procedure similar to that of sample B, but the InGaN/GaN MQW structure was regrown in a Mn-free reactor. After the growth chamber was exposed to air for 12 h, and the graphite susceptor was baked in H 2 ambient at 1100 °C for 1 h. The air-exposed chamber and the H 2 -baked susceptor were denoted as the Mn-free reactor. Sample D had a structure and regrowth procedure similar to that of sample C, but it had a Mn-doped GaN underlying layer, as shown in Fig. 1(d) . In sample D, up-converter devices were grown with multiple regrowth steps to clarify the effect of Mn contamination in GaN. To study the issue of surface segregation and/or diffusion effect on Mn-doped GaN epitaxy, Mn-doped GaN layers were regrown on n-GaN templates, denoted as Mn-GaN templates. Sample E with nGaN (~2 µm) layer was regrown on the Mn-GaN templates in a Mn-free reactor [ Fig. 1(e) ]. As shown in Fig. 1 (f), sample F had a layer structure and regrowth procedure similar to those of sample E, but hydrogen chloride (HCl)-etched surface treatment was carried out on the MnGaN templates for 10 min prior to the regrowth of the n-GaN layer. In the current study, upconverted photoluminescence (UPL) measurements were performed at 12 K to evaluate the optical properties of the samples. The excitation source was He-Cd laser at 325 nm or Ar laser at 488 nm. The UPL signal was dispersed by a monochromator (Acton SP-500) and was detected by a thermoelectrically cooled photomultiplier tube (Hamamatsu R94302) using the photon counting method. Secondary ion mass spectroscopy (SIMS) measurements were carried out to analyze the dopant profiles and redistribution sites in the growth interfaces of Mn. The measurements were performed using the time-of-flight SIMS (CAMECA ims 4f and ION-TOF Secondary Ion Mass Spectrometer, Germany) with O 2 + sputtering ion source. However, an emission peak at around 406 nm (3.05 eV) was observed in sample B. This result is similar to our previous report in that a Mn-doped GaN layer embedded under the InGaN QWs can lead to a linear up-conversion emission [10] . In principle, this result is unreasonable because sample B did not contain any intentionally added Mn-doped layer. To clarify whether the up-conversion emission from the sample B caused by the residual Mn contamination in the MOCVD reactor (memory effect), SIMS was performed to evaluate the Mn incorporation and redistribution behavior in the regrowth junction layers of sample B. SIMS measurements, and the Si signal spike at the regrowth interface is most likely caused by some artifacts and the defect-enhanced gettering effect at the imperfect interface during regrowth. In the case of Mg doping in GaN grown by MOCVD, H 2 -ambient thermal backing for the reactor and wafer susceptor is a simple method that eliminates the memory effect of Mg dopants between sequent growth rounds. Although the MOCVD chamber with bare graphite susceptor was baked in H 2 ambient at 1100 °C for 1 h before the growth of sample B, which was expected to remove the residual Mn atoms on the reactor walls (i.e., to reduce the Mn memory effect) and the susceptor, the detectable Mn background signal was observed, as shown in Fig. 2(c) . This effect can be attributed to Mn contamination in the reactor and clearly indicating the presence of the Mn doping memory effect corresponding to the anomalous up-conversion signal from sample B without Mn-doped GaN detection layer [10] . Thus, the memory effect cannot be effectively eliminated by the H 2 -baking method.
Results and discussions
To eliminate the Mn memory effect after Mn-containing growth procedures were conducted in the MOCVD chamber and graphite susceptor, the chamber and susceptor were exposed to air first and sequentially baked in H 2 ambient at 1100 °C. Next, samples C and D were grown in this MOCVD reactor. Figure 3(a) shows the typical PL spectra of samples A, C, and D at 12 K excited by a He-Cd laser (325 nm). These spectra taken from samples A, C, and D had strong emission peaks at around 412, 417, and 406 nm, respectively. Peaks at the long wavelength side of the PL spectra taken from samples C and D were likely caused by the In fluctuation in the InGaN QWs. On the other hands, the difference between the sample A and the sample C was likely attributed to the fluctuation of the round-to-round stability of growth temperature in the growth process. The difference in dominant peak wavelengths between samples C and D can be attributed to the same origin, such as samples A and B. ) shows the typical PL spectra of samples A, C, and D excited by an Ar laser (488 nm; E exc = 2.54 eV). A strong emission peak at around 406 nm was observed from sample D. This up-conversion PL (UCPL) emission and related mechanisms have been described in our previous report [10] . As expect, no UCPL emission peak was observed from samples A and C. These results imply that the anomalous UCPL emission observed in sample B associated with the memory effect of Mn dopants can be suppressed by exposing the chamber to air and sequentially backing the graphite susceptor in H 2 ambient. SIMS measurements were performed to evaluate the Mn incorporation in sample C, clarifying further whether the disappearance of the anomalous UCPL emission from sample C was caused by the elimination of Mn memory effect through air-exposed and H 2 -backing treatments. Figure 4(a) shows the Ga, In, Mn, and Si dopant profiles as a function of depth from the surface of sample C. Clearly, Mn atoms were not detected in this sample because the signal level of Mn atoms was well below the detection limit. These results indicate that the memory effect of Mn due to the residual Mn contamination in MOCVD reactor can indeed be eliminated by air-exposed and H 2 -baking treatments before the growth of sample C, making the unexpected UCPL emission absent, as shown in Fig. 3(b) . The mechanism of residual Mn dopants removed by air-exposed and H 2 -baking treatments can be tentatively attributed to the fact that the residual Mn atoms in the reactor walls and graphite susceptor are first oxidized to form the Mn-O complexes. These Mn-O complexes are then removed from the reactor and are desorbed from the susceptor by the slipstream of H 2 carrier gas at a high temperature of 1100 °C. Figure 4(b) plots the Ga, In, Mn, and Si dopant profiles from sample D as a function of depth from the surface taken from SIMS measurement. The asymmetrical switch-on and -off profiles of Mn dopants may be caused by the memory effect, surface segregation, and/or diffusion associated with the re-incorporation from the reactor and/or redistribution of Mn atoms in the Mn-containing epitaxial layer. In the case of the memory effect, Mn precursor adsorbed onto the reactor walls and graphite susceptor during the growth of Mn-doped GaN layer. The Mn-related residuals were released as a gas phase, even when the Mn source line was switched off, causing the continuing re-incorporation of Mn into the unintentionally Mndoped layers. In the case of surface segregation and diffusion, a layer of Mn-rich material developed on the growing surface, which became the source of Mn diffusion for the observed slow-decay Mn tail extending to the subsequent growth layers after the Mn source line was switched off. Again, note that the air-exposed and H 2 -baking treatments were performed before the growth of sample D. Thus, the Mn memory effect was assumed eliminated. The long Mn tail after regrowth of unintentionally Mn-doped layers in the sample D could have originated from a Mn-rich (e.g., surface segregation) surface layer or the Mn-doped GaN underlying layer itself. If a Mn-rich surface layer existed on the surface of a Mn-doped GaN layer, the re-incorporation of Mn into the sequential unintentionally Mn-doped layer could take place through re-evaporation into the gas phase and thereby incorporating into the regrowth layers from the gas phase. In the case of the long Mn tail in the unintentionally Mndoped GaN overgrown layer, the regrowth step involving a high-temperature process could lead to the redistribution of Mn from the Mn-doped GaN underlying layer diffusion along the growth direction to the subsequent overgrown layers. To clarify further the issue of Mn surface segregation as well as the diffusion in GaN and redistribution at the regrowth interface, samples E and F were also prepared. To identify whether the accumulation of Mn on the surface of Mn-GaN templates occurred, some of the Mn-GaN templates were treated in HCl solution for 10 min prior to the loading of wafers into the reactor. After the HCl-treatment procedure, the Si-doped n-GaN layer was regrown on the Mn-GaN templates, and the wafers were labeled as sample F. Other wafers grown on the MnGaN templates without the HCl-treatment procedure were labeled as sample E. Figure 5 shows the SIMS measurements of the Mn dopant profiles from sample E as a function of depth from the surface. Clearly, the Mn profile referring to the switch-on and -off points of the Mn precursor was markedly asymmetrical. This result is similar to that in sample D, as shown in Fig. 4(b) , which is caused by the memory effect, surface segregation, and diffusion associated with the re-incorporation and redistribution of Mn atoms. The Mn profile of sample E exhibited a significant long tail extending to the sequentially regrown n-GaN layer. Figure 5 also shows the SIMS measurements of the Mn dopant profiles as a function of depth from the surface of sample F. The signal intensity of Mn near the surface of sample F was lower than that of sample E without the HCl treatment process performed on the Mn-GaN templates. In other words, the segregation of Mn or Mn-rich complexes may indeed exist near the surface of Mn-GaN templates, and they can be partially removed by dipping in HCl solution. In addition to the effect of the contamination from the Mn in the QWs, it was also important to refer to the other factors that lead to limitation in the optical properties and/or internal quantum efficiency for InGaN QWs, specifically the charge separation effect. The charge separation from the polarization fields in the QW would lead to reduction of the electron-hole wavefunction overlap and radiative recombination rate in particular for green-emitting QWs. Recently, some approaches to address this issue have been reported by using InGaN QWs with large overlap design [33, 34] or semi/nonpolar InGaN QWs [35, 36] . In the case of large overlap design, staggered InGaN QWs with large electron-hole wavefunction overlap and improved radiative recombination rate as well as internal quantum efficiency were investigated for nitride LEDs application. In the case of semi/nonpolar InGaN QWs, the AlGaN-cladding-free m-plane InGaN/GaN laser diodes with threshold current densities that were comparable to state-of-theart c-plane InGaN/GaN laser diodes were demonstrated.
Conclusions
In summary, the current study revealed the Mn memory effect of the MOCVD reactor. Redistribution of the Mn dopants during subsequent regrowth layers in a Mn-free MOCVD chamber was also observed. In addition to the memory effect, the high residual Mn level and the slow decay rate of the Mn concentration tail could be also attributed to the surface segregation and redistribution of Mn from the Mn-doped GaN underlying layer. The contamination effect of the residual Mn in the reactor could be eliminated effectively by the air-exposed and H 2 -baking procedure. Comparing the Mn profiles from the samples grown on Mn-GaN templates with different surface treatments, the segregation of Mn at Mn-doped GaN surface was also reasonably speculated to lead to the Mn dopant tail in the regrown undoped GaN layers.
